ferred to as "tiling" and ensures thorough surface cov-
erage while preventing multiple cells from innervating arborizing. Sensory axon arbors tended to be largely the same area [14] . In several systems, neuronal subconfined to one side of the midline (see below). As exclasses innervating the same surface tile independently pected from previous descriptions [1] , trigeminal neuso that dendrites tile within but not between subclasses ron arbors were confined to the head and anterior yolk, [5, 7-9, 11, 15].
whereas arbors of Rohon-Beard neurons were confined Despite evidence that developing arbors employ hoto the body and posterior yolk. Rohon-Beard neurons motypic interactions to minimize arbor territories, a renever extended axons as far as the eyes or to any part cent study by Lin et al. has challenged the notion that of the face anterior to them, and trigeminal neurons these interactions are absolutely required for determinnever sent axons over the somites. ing arbor morphologies [16] . These authors examined
We determined the correspondence between cellretinal ganglion cell dendrites in two mouse mutants body position within a ganglion and the direction of that reduce the total number of neurons without affectperipheral arbor projection with variegated Tg(sening their specification. Despite the much lower density sory:GFP) transgenics (Figures 2A and 2B ) by simultaof retinal ganglion cells in these mutants, neither the neously staining for the GFP transgene and HuC, a sizes nor shapes of dendritic territories were signifimarker that reveals all trigeminal neuron cell bodies cantly affected, suggesting that homotypic interactions [18] . Cells were assigned to a column based on their are not required for determining individual arbor moranterior/posterior position in the ganglion (Figure 2A ventral zone). Thus, a rough topographic map relating rather, are the chief mechanism regulating trigeminal cell-body position within a ganglion to the direction of sensory neuron shape and size. Behavioral experiaxon trajectory develops early in the zebrafish trigemiments demonstrate that the spatial organization of arnal sensory ganglion, similar to the organization debors that results from these interactions is crucial for scribed in rat [19, 20] . allowing the organism to correctly sense the location of environmental stimuli and respond appropriately.
Developing Peripheral Sensory Arbors often Repel One Another upon Contact Results
To gain insight into the mechanisms by which arbor architecture develops, we made time-lapse movies of Trigeminal and Spinal Cord Sensory Neurons growing arbors expressing the Tg(sensory:GFP) transPossess Elaborate, Heterogeneous Peripheral gene (e.g., Movie S1 available with this article online).
Arbors that Are Topographically Organized
These movies revealed that most branches form as colTo study the development of sensory neurons in vivo, laterals emerging from an axon shaft, but growth-cone we created a transgenic line that drives strong GFP exbifurcations also occasionally occur (Figures S1A and pression in trigeminal sensory neurons and the closely S1B and Movies S2 and S3). Unexpectedly, rapid local related Rohon-Beard neurons (for details, see Experiaxon degeneration was occasionally observed (Figure mental Procedures). This transgene revealed an elabo-S1C and Movie S4). rate, heterogeneous, and fast-growing constellation of Time-lapse analysis of growing axon arbors revealed trigeminal and Rohon-Beard peripheral axon arbors another striking behavior: the reluctance of axons to (Figure 1) . Unexpectedly, lines with the stably-intecross over one another ( Figure S2 and Movies S5-S7; grated Tg(sensory:GFP) transgene expressed GFP in a Table 1 ). Often when a growth cone encountered anvariegated manner-between one fifth and one half of other axon, it collapsed or changed direction. Occathe neurons in a trigeminal ganglion of a transgenic anisionally when a growth cone did cross another axon mal expressed GFP. The reason for this variegation is branch, it appeared to trigger local degeneration in the unknown, but as with similarly variegated transgenes, crossed axon. These interactions were observed isothis feature facilitates the visualization of dynamic beneurally (between branches of the same cell) ( Table 2 ). We wondered whether interactions between axons emerging from the same ganglion also confined arbor
Transplants into a ngn-1 background usually gave rise to larger trigeminal clones, but three single neuron clones were found ( Figure 5B ). In contrast to control, the three isolated trigeminal neurons derived from pregastrulation stage transplants into ngn-1 morphants developed arbors that grew out from the cell body in an apparently unconstrained fashion. Their peripheral arbors began branching immediately proximal to the cell body, rather than extending for a distance before arborization. Branching did not appear to be limited to any particular part of the head, ultimately resulting in an arbor with a more symmetrical spread around its cell body. To rule out the possibility that precursor cells transplanted early in development gave rise to aberrantly specified trigeminal neurons, we created embryos with only one trigeminal neuron by directly transplanting single, specified neurons during midsomitogenesis stages (12-18 somites), when axonogenesis is just beginning. Single neurons transplanted into three wild-type embryos, and two ngn-1 morphants extended peripheral arbors (Figures 5C-5H; Table 2 ). As in the previous experiment, all three neurons successfully transplanted into wild-type extended normal peripheral axons that projected to one part of the head and elaborated an arbor over a discrete region-one anteriorly to the front of the face, one dorsally to the top of the head, and one ventrally over the heart. Moreover, the trajectory of their projections corresponded to that expected from their cell-body position. Unexpectedly, although the single neurons transplanted into wild-type embryos during somitogenesis stages appeared normal 24 hr after transplantation, all three began rapidly degenerating within the next 12 hr. In contrast, the two neurons successfully transplanted into ngn-1 morphants survived for as long as they were observed (5 days after transplantation), suggesting that transplanted wild-type neurons are compromised, potentially for neurotrophic support, in a competitive interaction with endogenous neurons. Strikingly, the isolated trigeminal neurons in ngn-1 morphants elaborated peripheral arbors that grew and arborized for as long as they were monitored, well after wild-type neurons have stopped growing and (Figure 2) . b The neuron with the unconstrained axon, the neuron with a normal central projection, and the neuron that survived past 3 dpf were three different neurons.
neurons transplanted into wild-type ganglia have died Trigeminal Sensory Arbor Expansion across the Midline Results in the Reversal (Figures 5E-5H and Table 2). 5 days after transplantaof Touch Response Laterality tion, the arbors of these isolated neurons covered al-
The anatomical limits of peripheral arbor territories that most the entire side of the head onto which they were result from repulsive interactions (e.g., at the midline, transplanted as well as a large portion of the opposite between the head and body) may have important funcside. These results indicate that in the absence of intional implications. We therefore tested the behavioral teractions with other axons, peripheral arbors possess consequences of the failure of repulsive interactions to a vast capacity for growth (Figures 5G and 5H) . ences.
